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ABSTRACT 
This research characterizes the proteins in domestic wastewater treatment plant effluents in order to 
understand the organic fraction of effluent nitrogen.  Domestic wastewater treatment plants have 
been identified as a major source of excess nitrogen that leads to eutrophication in marine 
environments in general, and the Long Island Sound, in particular.  Initiatives to reduce the nitrogen 
load into Long Island Sound are underway.  In Connecticut, regulators have instituted a cap and 
trade program for nitrogen releases from wastewater treatment plants, and in western Massachusetts 
new NPDES permits are requiring facilities that release into receiving waters that flow into the 
sound to monitor and report influent and effluent nitrogen concentrations.  The total nitrogen 
released by wastewater treatment facilities can be successfully reduced through the addition of a 
nitrification/ denitrification process that removes inorganic nitrogen; however, the process does not 
remove most of the organic nitrogen.  While proteins comprise a significant fraction of wastewater 
effluent organic carbon and nitrogen, they have not been extensively characterized, and little is 
known about their fate in the environment.   
 
In this study we used proteomics to characterize the proteins in wastewater effluents from three 
activated sludge plants.  Analyses of primary effluent, raw secondary effluent, and 0.45µm filtered 
secondary effluent samples included solids, COD and nitrogen species.  The concentrations of 
proteins in primary and secondary effluents were measured colorimetrically.  The proteins from 
samples concentrated with ammonium sulfate precipitation were separated using sodium dodecyl 
sulfate polyacrylamide gel electrophoresis.  Enzyme proteolytic activities were also assessed.  Total 
nitrogen and total protein were significantly correlated, as were organic nitrogen and protein.  
Protein profiles showed some proteins that were produced during biological treatment and some that 
persisted through the process.  Most of the proteins in the secondary effluent were dissolved, as 
indicated by the similar profiles of 0.45µm filtered secondary effluent and crude effluent.  The 
detection of proteolytic enzymes in secondary effluent implies that effluent-derived enzymes may 
degrade aquatic organic matter and possibly modulate nutrient cycling in receiving waters. 
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I. INTRODUCTION 
1.1 Problem Statement 
Each day billions of gallons of domestic and industrial wastewater effluent are released into 
receiving waters throughout the world.  Untreated wastewater contains bacteria and viruses among 
other organisms, as well as organic carbon and nutrients that can cause algal blooms and bacterial 
growth in receiving waters, and increase the need for treatment for downstream drinking water 
source waters.  In 1972, the United States addressed the declining health of surface waters through 
the creation of the Clean Water Act, which gave the U.S. Environmental Protection Agency (EPA) 
the responsibility and authority to regulate the release of pollutants from point sources into surface 
waters.  Domestic wastewater treatment facilities fall into this category; thus, they are required to 
have a National Pollutant Discharge Elimination System (NPDES) permit which at minimum 
specifies how much suspended solids, coliform bacteria, and biological oxygen demand (BOD) 
facilities are allowed to release in their effluent.  The values specified in the NPDES permits are 
based on total maximum daily loads (TMDLs) that the EPA has determined each water body is able 
to receive without violating water quality standards.   
 
To address seasonally low oxygen levels in Long Island Sound, the New York State Department of 
Environmental Conservation and the Connecticut Department of Environmental Protection issued a 
report outlining the determination of new TMDLs for the Long Island Sound.  In the report, 52% of 
the carbon loading (61%, or 83.6 thousand tons/year with combined sewer overflows [CSOs]) and 
71% of the nitrogen load (73% or 38.9 tons/year with CSOs) were attributed to wastewater treatment 
plants (NYS DEC & CT DEP, 2000).  The report was part of a multistate effort to address water 
quality issues in the Long Island Sound, where algal blooms and hypoxic conditions lead to large 
scale fish kills each summer.  These problems are attributed to excess nitrogen loading, as nitrogen 
is a known limiting nutrient in marine waters and is widely accepted as being the cause of 
eutrophication (Capriulo et al., 2002).  Thus, regulators are focusing on decreasing nitrogen loads 
from treatment plants.  In Connecticut, a cap and trade program that limits the amount of nitrogen 
released from wastewater treatment plants, has been implemented.  In Massachusetts, the EPA and 
MA DEP are looking at treatment plants that discharge into the Connecticut River, which flows into 
Long Island Sound.  NPDES permit renewals for these facilities now require that they begin 
measuring and reporting nitrogen species in the influent and effluent (Appendix A).   
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The nitrogen that is released from wastewater treatment plants can be in organic or inorganic forms.  
Inorganic forms include ammonium (NH4+), nitrite (NO2-) and nitrate (NO3-), while in organic forms 
nitrogen is embedded in proteins, amino acids and humics, which are fragments of organic matter.  
The inorganic forms are relatively easy to remove using nitrification/ denitrification process, but the 
organic compounds are relatively recalcitrant and tend to persist in wastewater effluent.  The natural 
organic matter in wastewater effluent is highly complex, containing many types of molecules that 
contribute to the overall oxygen demand, including full and partially digested pieces of cells and 
other organic material.  The incredibly large array and complex nature of the organic material that is 
present in effluent has made it difficult to characterize (Taylor, et al., 2003), but the need to reduce 
nitrogen releases requires a more thorough understanding of the material and how it interacts in the 
environment.   
 
Studies of nitrogen-containing organic matter in wastewater effluent have measured the quantity of 
various components, including proteins and precursors to disinfection by-products like NDMA 
(Pehlivanoglu-Mantas and Sedlak, 2008), but until this project, little research has looked in more 
detail at the proteins in wastewater effluent.  Proteins in effluents are likely to be varied and include 
influent proteins that are recalcitrant to secondary treatment, as well as soluble microbial products 
(SMPs) that are produced by organisms in the biological process of secondary treatment.  The 
characterization of proteins in effluent could provide a wealth of information about the upstream 
processes within treatment plants, as well as elucidate how the effluent will react in receiving water 
environments.   
 
This study breaks new ground by applying proteomics technology, methods of studying a suite of 
proteins, to the characterization of proteins in natural organic matter released from wastewater 
treatment plants.  Proteomics tools are commonly used in other fields, such as cell biology, 
microbiology, and molecular biology, and provide a wealth of information about the proteins in a 
system.  The challenges of applying proteomics to wastewater effluent include the dilute nature of 
the material and the diverse complexity of the organic matter in the effluent that can interfere with 
the methods. 
 
Presented here are preliminary results of protein characterization in wastewater effluents from three 
domestic wastewater treatment plants that discharge wastewater effluent to the Connecticut River in 
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western Massachusetts.  This work paves the way for the identification of specific proteins, as well 
as more targeted research into the effects of specific wastewater effluents in their receiving waters.  
 
1.2 Research Objectives 
The goal of this research was to use proteomics and other methods to characterize proteins in 
effluent from wastewater treatment plants that discharge to the Connecticut River.  Specifically, the 
objectives of this research were to:  
• Investigate methods for concentrating proteins in secondary effluent that maintain the 
integrity of the proteins; 
• Compare protein profiles obtained using gel electrophoresis for three wastewater treatment 
facilities; 
• Understand the relationships between effluent water quality parameters and relate them to 
differences in the protein profiles and processes at each of the facilities. 
 
1.3 Scope of Work 
Primary and secondary effluents were collected at least three times each from three wastewater 
treatment facilities that discharge to the Connecticut River.  These facilities were the Amherst 
Wastewater Treatment Plant, the Northampton Wastewater Treatment Plant, and the Springfield 
Regional Wastewater Treatment Facility.   
Proteomics were used to create protein and enzyme profiles for each sample after ammonium sulfate 
concentration.  Protein concentrations in both raw and ammonium sulfate concentrated samples were 
measured using colorimetric assays.    
Solids and COD in the raw effluent samples were measured using Standard Methods (APHA, 2005).  
Inorganic species of nitrogen in raw effluents were also measured.    
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II. BACKGROUND and RELATED RESEARCH 
This review begins with an overview of the nitrogen cycle and the effects of increased nitrogen 
loadings in marine environments, followed by a description of proteins and their role as a constituent  
of wastewater effluent.  
 
2.1 The Nitrogen Cycle  
Nitrogen is a ubiquitous molecule that is found in various forms in the air, soil, water, and in every 
living cell.  It has organic and inorganic forms (Table 1), and can be converted from one form to 
another in a process called the nitrogen cycle (see Figure 1).  Nitrogen in the inorganic gaseous 
forms of N2 and N2O is not usable by most organisms.  Special nitrogen fixing bacteria convert the 
gaseous nitrogen into organic forms that are taken up and used by plants.  Organic nitrogen moves 
up the food chain and is eventually consumed and excreted by humans.   
 
                      Table 1.  Forms of nitrogen.   
Form of Nitrogen Abbreviation Definition 
Gaseous  N2, N2O N2, N2O 
Ammonia gas NH3 NH3 
Ammonium ion NH4+ NH4+ 
Nitrite NO2- NO2- 
Nitrate NO3- NO3- 
Total inorganic nitrogen TIN NH3 + NH4+ + NO2- + NO3- 
Total Kjeldahl nitrogen TKN Organic N + NH3 + NH4+ 
Organic nitrogen Organic N TKN - (NH3 + NH4+)  or 
TN - TIN 
Total nitrogen TN Organic N + TIN 
 
The nitrogen that enters wastewater treatment plants is primarily in organic forms, in proteinaceaous 
matter and urea, some of which is changed into the inorganic form of ammonia through 
decomposition by bacteria (Metcalf & Eddy, 2003), a process called ammonification, or 
mineralization.  The pK of ammonia is 9.3, and at a pH below 7, as in wastewater, the ammonia 
(NH3) is in the form of ammonium (NH4+).  As the wastewater is exposed to oxygen and 
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microorganisms in aerobic treatment some of the ammonium is incorporated into cells and much of 
the rest is nitrified and turned into inorganic nitrate (NO2-) then relatively quickly into nitrate (NO3-):  
NH4+ + O2                    NO2-                                                                                            (1) 
NO2- + O2             NO3-                                                                                            (2) 
During nitrification some nitrogen is converted into NO or N2O and lost to the system.  If the 
wastewater is subsequently subjected to anaerobic conditions denitrification can occur.  In 
denitrification the NO3- is converted to nitrogen gas: 
                        NO3-              NO2- + H2O                                                      (3)                                     
NO2-              NO + H2O                                                        (4) 
NO               N2O + H2O                                                       (5)  
N2O               N2(g) + H2O                                                     (6) 
Wastewater treatment plants that have nitrification and denitrification processes have relatively low 
inorganic nitrogen (NO3- and NO2-) in their secondary effluent. 
 
The nitrogen that leaves conventional wastewater treatment plants is generally in the forms of 
ammonium, nitrate and in organic matter as dissolved organic nitrogen (DON) or particulate organic 
nitrogen.  Treatment facilities that have nitrification/ denitrification as a treatment process generally 
have low levels of NO3- in the effluent; most of the nitrogen from these plants is in the form of DON 
(Pehlivanoglu-Mantas and Sedlak, 2008). 
 
Figure 1. The nitrogen cycle. (sci.waikato.ac.nz/farm/images/Nitrogen_Cycle.jpg) 
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2.2 Nitrogen in the Environment 
2.2.1 Eutrophication 
Nitrogen is a limiting nutrient in marine and estuary waters, thus increases in nitrogen in the 
environment from human activities cause increases in bacterial and algal production which are 
normally limited in growth by lack of the nutrient.  The hypoxic conditions in Long Island Sound 
each summer have been blamed on nitrogen loading into the sound, which is believed to cause 
increases in algae production that lead to the hypoxic conditions and fish kills (NYS DEC & CT 
DEP, 2000), as well as deteriorating finfish and shellfish stocks (EPA, 1994).   
 
Capriulo et al. (2002) did an extensive investigation of Long Island Sound in which they examined 
nitrogen species and ratios, various plankton, as well as larval fish, chlorophyll and bacterial 
concentrations and growth rates.  They found that eutrophication enhanced a microbial loop as well 
as the secondary production that increases copepod biomass, the preferred food of larval fish and 
gelatinous zooplankton.  The relative proportions of nitrogen species was found to vary from east to 
west in the sound, with NH4 and dissolved organic nitrogen being more prevalent at times in the 
west, particularly in bottom waters.  These nitrogen species appeared to be taken up by the 
planktonic food web and converted to biomass.  The biomass was consumed by the copepods, and 
the authors theorized that the death and decay of the copepods causes the hypoxic conditions in the 
western end of the Long Island Sound.  Whether it is increases in algae, bacteria or copepods, that 
are resulting in hypoxic conditions in the Sound, it is clear that increases in nitrogen are the root 
cause of the problem. 
         
2.2.2 Dissolved organic nitrogen (DON) 
Organic nitrogen releases from wastewater treatment plants are in particulate or dissolved forms.  
The most readily available nitrogen is mainly in the form of dissolved organic nitrogen (DON).  
DON in wastewater effluent is a concern because of its contributions to eutrophication and possible 
role as pre-cursors for disinfection by-products (Pehlivanoglu-Mantas and Sedlak, 2008).  DON is 
comprised of amino acids, proteins and polypeptides (combined amino acids), 
ethylenediaminetetraacetatic acid (EDTA), caffeine, peptidoglycan (from bacterial cell walls), and 
many unknown components that probably consist of humics and partially metabolized fragments of 
biological material (Pehlivanoglu and Sedlak, 2004).  The largest fraction of identified DON, at 10-
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20%, consists of proteins and polypeptides (Pehlivanoglu and Sedlak, 2004; Pehlivanoglu-Mantas 
and Sedlak, 2008).   
 
DON is the largest pool of fixed nitrogen in most aquatic systems (Bronk, 2002).  In the 
biogeosciences literature, this pool of nitrogen has been viewed as refractory- contributing only to 
bacterial growth over long periods of time; however, recent research is showing that DON is a 
source of bioavailable nitrogen (Bronk et al., 2007; Pehlivanoglu and Sedlak, 2004; Wiegner et al., 
2006).  Bronk et al. (2007) recently reviewed the research in the area and showed that the pool of 
DON is not uniform, and that while some fraction of DON can be utilized in minutes to days, the 
rest can take months to years to cycle back into biomass.   
 
Pehlivanoglu and Sedlak (2004) showed that DON is usable by the algae, Selenastrum 
capricornutum.  This algal species was chosen because it has been used in many eutrophication 
studies for over 30 years and is easy to culture in the laboratory.  The authors performed bioassays in 
which they examined production of the algae species Selenastrum capricornutum when exposed to 
de-chlorinated wastewater effluent from a plant that has almost complete removal of inorganic 
nitrogen through nitrification/ denitrification.  The wastewater, which was de-chlorinated with 
sulfur-dioxide, was filtered through a 0.2μm filter.  S. capricornutum was incubated with wastewater 
alone, with wastewater and added nitrate, or with just nitrate, all with and without the presence of 
naturally occurring bacteria from a stream that receives most of its flow from the wastewater 
treatment plant.  When bacteria were not present the wastewater alone did not significantly increase 
chlorophyll a production, but the nitrate did.  The wastewater with added nitrate increased 
chlorophyll a production, but not as much as with nitrate alone.  In the presence of naturally 
occurring bacteria from the receiving water, approximately half (56%) of the wastewater-derived 
DON was available for uptake.  It was also found that the concentration of inorganic nitrogen in the 
experiments where nitrate was added was small and remained constant, suggesting that the DON is 
possibly converted by the bacteria to inorganic forms, which are then utilized by the algae.  They 
cite other studies which indicate that the utilization of DON in natural waters involves bacterial 
transformation of DON followed by uptake of mineral forms of nitrogen by algae, and that the 
bioavailability of DON falls within the range of DON availability to bacteria in large rivers (40-
72%).   
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Pehlivanoglu and Sedlak (2004) estimate that most of the bioavailable DON is in the low molecular 
weight fraction (MW)- 25% of the total DON and 57% of the low MW fraction were bioavailable 
when inoculated with bacteria.  Based on the assumption the 5% of the DON was combined amino 
acids (DCAA), the authors estimate that the bioavailable DON must be comprised of amino acids 
and other low molecular weight DON species.       
 
One difficulty of studying DON is that it is difficult to measure.  Currently there is no method for 
measuring DON directly; instead, DON is determined by subtracting nitrate, nitrite and ammonium 
from total nitrogen.  When the inorganic levels of nitrogen are high and make up a large part of the 
total nitrogen there can be substantial errors in the DON determination (Pehlivanoglu-Mantas and 
Sedlak, 2008).  One study that examined DON from three wastewater treatment plants found that 
DTAA accounted for 12-20% of the DON.  EDTA accounted for <5%, and humics likely accounted 
for 10% of the wastewater derived DON, leaving 70% of the wastewater derived DON unidentified 
with available methods (Pehlivanoglu-Mantas and Sedlak, 2008). 
 
2.2.3 Isotopic apportionment of sewage nitrogen 
Another method that some researchers have used to identify the source of nitrogen in receiving 
waters is isotopic characterization.  The dual isotope method uses variation in the ratios of naturally 
occurring stable isotopes of nitrogen and oxygen to identify sources of nitrate in natural waters 
(Anisfeld et al., 2007).  Anisfeld et al. (2007) examined two rivers in central Connecticut that flow 
into Long Island Sound.  Secondary effluent was collected from two to three wastewater treatment 
plants on each river.  The facilities on one river have nitrification/ denitrification processes and low 
effluent nitrogen concentrations.  The plants on the other river were nitrifying, but not denitrifying, 
thus >80% of the nitrogen was in the form of NO3-.  All samples were analyzed for δ15N and δ18O.  
There was a large range of isotopic signatures for δ15N, ranging from 4.7 to 17.7%, which alone 
would not identify nitrogen in receiving water as having origins from a wastewater treatment plant; 
however, when the δ15N was plotted against δ18O, there was a linear relationship (R2 = 0.88).  
Nitrate with isotopes falling on this line could be identified as being from a wastewater treatment 
plant.  The authors caution against assuming all human waste sources have high δ15N-NO3- levels.  
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 2.3 Proteins 
Proteins are a ubiquitous and fundamental building block of life.  In a living cell, proteins form part 
of the structure, assist and enable molecular transport, act as receptors for hormones and other cell 
signaling molecules, and are involved in the synthesis of other proteins and cellular molecules.  All 
biochemical reactions are also catalyzed by another class of proteins called enzymes.  There may be 
up to 2000 different proteins in a mammalian cell (Duncan, R. and McConkey, 1982).  Proteins are 
composed of carbon, nitrogen, hydrogen and oxygen.  Each protein has a polypeptide backbone and 
associated with each peptide is a side group (Figure 1).  A peptide and its associated side group is 
called an amino acid.  There are 20 amino acids, the variation in lengths and arrangement of which 
determine the different proteins.         
 
Figure 2. Protein Structure.  All proteins have a polypeptide backbone; the length, arrangement and 
composition of the 20 side groups makes a protein.  Four of the 20 amino acids are shown here. 
(Source: www.accessexcellence.org/RC/VL/GG/ecb/ecb_images/04_02_polypeptide_backbone.jpg) 
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2.4 Proteins in wastewater effluent 
Aside from being an important component of dissolved and particulate nitrogen, proteins constitute 
a large fraction of total organic carbon (TOC) and organic matter.  Studies that have characterized 
the organic material in wastewater effluent, and waters that receive wastewater effluent from 
domestic treatment plants, have identified proteins as one of the major organic constituents (Drewes 
and Croue, 2002; Holbrook et al., 2005).  In one study, proteins comprised 26-49% of the total 
organic carbon in the liquid phase of settled MLSS from a membrane bioreactor and a full-scale 
activated sludge plant (Holbrook et al., 2004).   
 
Other studies have also found evidence of proteins when characterizing the organic matter in 
wastewater effluent (Choi, et al., 2006; Drewes and Croue, 2002; Imai et al, 2002; Holbrook et al., 
2005; MA et al., 2001; Park et al., 2006).  Drewes and Croue (2002) found evidence of increased 
aromaticity in wastewater effluent, as well as higher nitrogen to carbon ratios in wastewater effluent 
organic matter compared to natural organic matter from a drinking water source, indicative of 
proteins.  When subjected to fluorescence excitation-emission matrix spectroscopy, samples 
downstream of an advanced wastewater reclamation facility in Maryland exhibited increases in 
fluorescence intensity in regions I and IV that corresponded to greater concentration of aromatic 
proteins (e.g. tyrosine) and soluble microbial products (SMPs) (e.g. tryptophan-like material), 
suggesting an increase in proteins in the surface water due to treatment plant discharges (Holbrook 
et al., 2005).  The distinguishing fluorescence signature characteristics of the downstream samples 
were maintained even after the water had been treated with chemical treatment, filtration, and GAC 
adsorption.   
 
Previous work characterizing effluent proteins has not been extensive (see review in Pehlivanoglu-
Mantas and Sedlak, 2006), and can be attributed to the complex nature of protein structures, the 
number of source organisms, and the technical difficulties associated with characterizing proteins 
from effluents.  Direct characterization of proteins has thus been limited to their quantification in 
wastewater effluents, which has been done by colorimetry (e.g. the Lowry method) or using a 
combination of hydrolysis and high pressure liquid chromatography (HPLC) (Confer et al., 1995).  
The HPLC method measures dissolved total amino acids (DTAA) and dissolved free amino acids 
(DFAA).  The protein concentration, as dissolved combined amino acids (DCAA), is determined by 
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subtracting the DFAA from the DTAA, and was shown to account for over 65% of the DTAA in 
wastewater effluent in a study of two domestic wastewater treatment plants (Confer et al., 1995). 
   
Another study that quantified proteins in wastewater effluent found that in two wastewater treatment 
plants the concentration of DCAA decreased by 60% during treatment, compared to 90% of the 
DFAA.  Furthermore, the DCAA accounted for a large fraction, 12-21%, of the dissolved organic 
nitrogen (DON) in the secondary effluent compared to only 4% in the untreated wastewater (DFAA 
accounted for 3% DON in untreated and 1% of treated wastewater).  One of the authors’ conclusions 
from the study was that the concentration of DFAA and DCAA depends on the specific treatment 
plant, type of processes used, and method of protein measurement (Pehlivanoglu-Mantas and 
Sedlak, 2006).   
The proteins that are expected to be found in wastewater effluent could be from two different 
origins: they could be undigested influent proteins or SMPs, which are products of microbial 
metabolism in the activated sludge secondary treatment process.  A review of SMPs in wastewater 
treatment systems identified SMPs as comprising the majority of effluent organic matter, and a 
major component of SMPs as proteins (Barker and Stuckey, 1999).  Drewes and Fox (2000) found 
that SMPs formed during the wastewater treatment process from the decomposition of organic 
compounds significantly affected the amount and character of effluent organic matter. 
   
While the source of proteins in wastewater effluent is often assumed to have origins in the activated 
sludge secondary treatment process (i.e. SMPs), it is also likely that some of the proteins are influent 
proteins that have resisted degradation in secondary treatment.  The previously discussed studies 
identified wastewater treatment plants as the likely source of the proteins in the receiving water and 
gave rough estimates of their quantity; however, the data could not be used to distinguish the source 
of the proteins within the wastewater treatment process or whether they have proteolytic activity.   
 
2.4.1 Enzymes 
Aside from comprising a significant fraction of the organic matter in wastewater effluent, some 
proteins in wastewater effluent could be active proteolytic enzymes.  Active enzymes are expected 
to be present in SMPs because microbes use extracellular enzymes to break down organic matter for 
incorporation into cells.  Although very few studies have examined the activity of enzymes in 
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wastewater and receiving water environments, as early as 1977, Stevens and Parr (1977) found 
increased extracellular-phosphatase activity in a river in Northern Ireland attributed to wastewater 
treatment plant discharges.   
 
Almost twenty years later, researchers in Northeast England examined the activity of specific 
enzymes, such as aminopeptidase, β-galactosidase, and phosphatase, in receiving waters 
downstream of wastewater treatment plant discharges (Ainsworth and Goulder, 2000; Chappell and 
Goulder, 1994).  River water upstream and downstream from wastewater treatment outfalls was 
exposed to substrates engineered to fluoresce when hydrolyzed by leucine-aminopeptidase, β-D-
glucosidase, and phosphatase, and found significant increases in fluorescence of each downstream of 
the treatment plants (Chappell and Goulder, 1994).  In another study, Ainsworth and Goulder (2000) 
inoculated river water samples upstream and downstream of wastewater treatment plants with the 
fluorogenic model substrate L-leucine-7-amido-4-methylcoumarin to test for leucine aminopeptidase 
activity.  They found transient downstream increases in enzyme activity, coupled with increases in 
the leucine assimilation rate and bacterial abundance.  
 
The difficulty of this approach to understanding the effects of wastewater treatment plant effluents 
on receiving waters is that other sources can contribute to enhancements in enzymatic activity.  For 
example, it was found that increases in aminopeptidase activity in river plankton were not simply 
due to wastewater treatment plant discharges alone, but also to non-point inputs into the system 
(Ainesworth and Goulder, 2000).  While likely to be present in wastewater effluent, none of these 
enzymes have specifically been identified in the effluent itself.  
  
Another research group examined whether hydrolytic activity was associated with cells or occurred 
in the bulk fluid in three different types of wastewater reactors using the same technology: they 
inoculated samples with a substrate and looked for degradation of the substrate as evidenced by 
increased fluorescent activity (Confer and Logan, 1998).  The response of fluorescent substrate 
analogs for aminopeptidase and α-glucosidase in biofilm, trickling filter, and suspended biofilm 
cultures was measured in cell-containing and cell-free fractions.  Results showed that over 90% of 
all hydrolytic activity from the suspended and biofilm cultures, and over 80% in the trickling filter 
effluent were cell-associated; all were extracellular.   
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The same method, of studying the fluorogenic analogs of substrates, has been used to study the 
pattern of enzymatic activity in the lower Hudson River and Long Island Sound (Taylor et al., 2003).  
The goal was to study the role of different classes of macromolecules, namely proteins, 
polysaccharides, chitin, lipids and organophosphorus compounds, in fueling bacterial production in 
these environments.  Samples were obtained from three sites in the Hudson River and one in Long 
Island Sound and incubated with the fluorogenic substrate analogs for each of the five classes of 
macromolecules.  Increases in fluorescence showed the presence of the enzymes responsible for 
breaking down each of the substrates.  Enzymes for each of these substrates, except lipase, were 
important in degrading the polymers, but the aminopeptidase, which acts on proteins, was 
consistently the largest portion of total hydrolytic activity.     
 
2.5 Proteomics 
Proteomics technology has recently been successfully applied to the characterization of proteins in 
sludge and offers the possibility of powerful new techniques for characterizing the proteins in 
secondary effluent (Park et al., 2008a).  Using proteomic techniques, human-derived proteins, 
including the protease, elastase IIIA, and keratin, have been found in the extracellular matrix of 
activated sludge flocs that have undergone secondary aerobic treatment and anaerobic digestion 
(Park et. al, 2008b).  The presence of these sewage-derived polypeptides in settled sludge is an 
indication that these proteins are resistant to degradation in secondary aerobic treatment, and may be 
present in the dissolved phase of secondary effluent.  The full effects of releasing active enzymes 
such as elastase into the environment are unknown, but it is likely that they contribute to increasing 
the bioavailability of released organic matter (Ainesworth and Goulder, 2000).  As discussed above, 
one major concern about the release of proteins and active enzymes into receiving waters that 
discharge to marine environments is the bioavailability of nitrogen in the proteins. 
 
With proteomics, protein fragments can be tracked through the wastewater treatment process train, 
thus identifying whether proteins in the effluent are from influent or produced during secondary 
treatment.  The presence of active enzymes in the effluent can also be determined, by separating the 
proteins on casein infused gels called zymograms.  Eventually, specific proteins of interest can be 
targeted for further analysis using liquid chromatography mass spectrometry analysis. 
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In this study we used proteomics to perform an initial characterization of the proteins in domestic 
wastewater effluent from three wastewater treatment plants that discharge to the Connecticut River.  
Protein fragment patterns for primary and secondary effluents, and 0.45µm filtered secondary 
effluent were obtained for each of the plants using sodium dodecyl-sulfate gel electrophoresis.  The 
analysis of primary and secondary effluents allowed us to determine the source of the protein 
fragments, and the results will enable us study their fate in receiving waters and to target specific 
proteins for LC/MS identification in future studies.  Zymogram gels were also run on the samples to 
determine if active enzymes were being released in secondary effluent.     
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III. MATERIALS AND METHODS 
3.1 Wastewater Treatment Facilities   
Primary and secondary effluents were collected from three wastewater treatment facilities that 
discharge to the Connecticut River in Western Massachusetts.  Table 2 shows the flow rate, 
secondary treatment process, type of waste, average solids retention time and sample collection 
dates for each of the facilities.  The Northampton and Amherst facilities use conventional activated 
sludge and treat on average 17,413 m3/d (4.6 mgd) and 15,520 m3/d (4.1 mgd), respectively, of 
influent wastewater.  The Springfield Regional Wastewater Treatment Facility uses the Ludtzac 
Ettinger process with diffused aeration and treats approximately 170,344 m3/d (45 mgd) of mixed 
industrial and domestic wastewater.  Northampton influent is also mixed domestic and industrial 
wastewater, while Amherst is mostly domestic with trace industrial wastewater.  The Northampton 
wastewater treatment facility aerates with fine bubble diffusers, while the Amherst treatment plant 
uses mechanical aeration.   
 
Table 2. Facility process information and collection dates.    
Facility 
Average 
Flow 
(m3) 
Process Reactor Type 
% 
Industrial 
Average 
SRT 
(days) 
Collection 
Dates 
Northampton 17,413 
Conventional 
Activated 
Sludge 
CSTR in 
Series 8 21* 
1/12/09 
2/20/09 
4/1/09 
6/29/09 
Springfield 170,344 Ludtzac Ettinger PFR 18 19** 
6/1/09 
6/22/09 
7/6/09 
Amherst 15,520 
Conventional 
Activated 
Sludge 
CSTR in 
Series Trace 10*** 
3/17/09 
6/9/09 
6/16/09 
 *Average for the months January – May 2009 
**January –July, 2008 
***yearly average per Jim LaFord 
 
3.2 Sample Collection  
Samples were collected in plastic containers kept on ice until processed later the same day.  Total 
suspended solids (TSS), volatile suspended solids (VSS) and carbonaceous oxygen demand (COD) 
measurements were taken the day of collection, while samples were frozen for later measurement of 
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protein, TN, ammonium, nitrate and nitrite.  Collection dates are listed in Table 2.  The secondary 
effluent from each sample was size fractionated through a 0.45 μm nitrocellulose filter. 
 
3.3 Quantification of Proteins in Effluent 
The amount of protein in a sample can be quantified using high pressure liquid chromatography 
(HPLC) or colorimetric assays such as the Lowry (Lowry et al., 1951) or Bradford (Bradford, 1976) 
methods.  The HPLC measures total and free amino acid (DFAA) concentrations by derivatization 
(labeling) with ortho-phthaldialdehyde followed by separation on an HPLC column and fluorometric 
detection (Confer et al., 1995).  The amount of proteins, being combined amino acids (DCAA), are 
determined by subtracting the free amino acids from the total amino acids (DCAA=DTAA-DFAA) 
(Confer et al., 1995).  The great advantage of this method is that the protein in unconcentrated 
samples can be measured, without loss or alteration as can happen in concentration methods (Confer 
et al., 1995).  Even after modifying the methods by adding the derivatizing agent two minutes before 
sample injection to avoid problems with decomposition of derivatized amino acids, the method was 
still unable to fully resolve certain amino acids (histidine/gluatamine and glycine/threonine) and the 
recovery of amino acids using this method ranged from 40-240% (Pehlivanoglu-Mantas and Sedlak, 
2008).  The large variability in amino acid recovery results in uncertainty in the DCAA 
concentration. 
 
There is uncertainty in the colorimetric methods, as well.  As reviewed in Pehlivanoglu-Mantas and 
Sedlak (2006), the Lowry method yields protein measurements that are four to seven times higher 
than the Bradford assay.  While the Bradford assay is less susceptible to artifacts from nonprotein 
compounds, the assay appears to underestimate the protein concentration in wastewater effluents 
(Confer et al., 1995).  The Frølund adaptation of the Lowry method is supposed to account for 
humic material in the wastewater samples (Frølund et al., 1995); however, when we used it on our 
unconcentrated samples the method often produced falsely negative protein concentrations.  In this 
research the quantity of proteins in unconcentrated effluent was measured using the original Lowry 
method, while the protein concentration in ammonium sulfate concentrated samples were measured 
using the Frølund adaptation of the Lowry method.  Light absorbances were measured with the 
Thermospectronic Genesys 10 UV Spectrophotometer (Thermo Spectronic, Madison, WI, USA) and 
concentrations calculated from a standard curve created from 0, 10, 25, and 50 mg/L BSA standards.  
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3.4 Ammonium Sulfate Precipitation   
In order to visualize proteins using sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), secondary effluent and secondary filtered effluent were concentrated with 50% 
ammonium sulfate.  The appropriate mass of ammonium sulfate was combined with 150 ml of 
primary effluent, 1.2 L of secondary effluent, and 2.2 L of 0.45 μm filtered secondary effluent, in 
500 ml centrifuge bottles and one glass pyrex bottle (for 1 L of the 0.45 μm filtered secondary 
effluent).  Precipitation procedures were conducted on ice for more than 12 hours, followed by 
centrifuging at 11,730 g for 45 minutes.  The precipitate was re-suspended in a known volume in 
phosphate buffered saline (PBS: 10mM NaCl, 1.2mM KH2PO4, 6.0mM Na2HPO4), then dialyzed 
extensively in the same buffer with multiple changes at 4°C using a 6-8 kDa cellulose membrane.      
 
3.5 Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis  
The SDS-PAGE was performed according to the method of Laemmli (1970).  Ammonium sulfate 
concentrated samples were prepared for size separation on polyacrylamide gels by incubating at 
approximately 95°C for at least 10 minutes with a 3.3x sample buffer consisting of XT Mops sample 
buffer and a reducing agent (Bio-Rad, Hercules, CA, USA).  Some samples were heat concentrated 
for up to one hour.  Following heat concentration, samples were centrifuged at 12,000 rpm for 3 
minutes and the supernatant was used for SDS-PAGE.  Prepared samples were loaded onto pre-cast 
Criterion XT 4-12% gradient gels (Bio-Rad, Hercules, CA, USA) and separated on the gels by a 
current of 80V for 20 minutes, followed by 100V for two hours.  After electrophoresis, gels were 
stained with silver nitrate or coomassie brilliant blue using Bio-Rad’s Silver Stain Kit or Bio-Safe 
stain (Bio-Rad, Hercules, CA, USA).  Gel images were digitally recorded using a CanoScan 8800F 
desktop scanner (Canon, Tokyo, Japan).    
 
3.6 Zymogram analysis   
Samples were subjected to zymogram analysis to determine if they contained active proteolytic 
enzymes.  Enzyme activity was determined by separating proteins using electrophoresis in a casein 
infused gel (Bio-Rad, Hercules, CA, USA).  Before electrophoresis the samples were combined with 
zymogram buffer (Bio-Rad, Hercules, CA, USA) and centrifuged at 12,000 rpm for 3 minutes; the 
supernatant was used for the zymogram analysis.  Gel images were digitally recorded using a 
CanoScan desktop scanner (Canon, Tokyo, Japan).   
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3.7 Chemical Analysis   
Total protein in each of the effluents, both raw and concentrated with ammonium sulfate, was 
measured using the Lowry method (1951) and determined with a calibration curve generated with 
bovine serum albumin (Fisherbrand Scientific, Pittsburg, PA, USA).  On the day of sample 
collection, COD, TSS and VSS were measured for primary and secondary effluents according to 
Standard Methods (2005).  COD was measured for secondary effluent filtered through a 0.45 μm 
filter, as well.  Light absorbances for COD tests were determined using the Thermospectronic 
Genesys 10 UV Spectrophotometer (Thermo Spectronic, Madison, WI, USA) and concentrations 
calculated from a standard curve using 0, 10, 75, and 150 mg/L KHP standards. 
 
3.8 Nitrogen species  
Total nitrogen concentrations in primary and secondary effluent, and 0.45 μm filtered secondary 
effluent were determined using the persulfate method (Hach, Loveland, CO, USA) and confirmed 
using a Shimadzu TN analyzer (Shimadzu TOC-VCPH with TNM-1, Shimadzu North America, SSI 
Inc., Columbia, MD, USA).  Ammonium, nitrate and nitrite ions in the solution phase (<0.45 μm) of 
primary and secondary effluents were measured using a Metrohm ion chromatograph (Metrohm, 
Herisau, Sz).  Organic nitrogen was estimated by subtracting the sum of the nitrogen ions from the 
total nitrogen.  
 
3.9 Statistics 
Regression statistics were performed using MiniTab Release 12 (Addison-Wesley, Reading, MA) 
and data graphed using Microsoft Office Excel 2003 (Microsoft Corporation, Redmond, CA). 
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IV. RESULTS AND DISCUSSION 
  
4.1 Protein Concentration Methods 
Wastewater effluents from the Northampton and Amherst facilities were used to develop the SDS-
PAGE procedure.  The proteins in unconcentrated wastewater effluents from Amherst and 
Northampton were too dilute to be visible after separation with SDS-PAGE.  Protein bands from the 
effluents were successfully seen on gels after concentration with 85% ammonium sulfate 
precipitation of 150 ml of primary and 1 L of secondary effluent.  Over 2 L of sample was needed to 
obtain enough protein for SDS-PAGE separation of secondary effluent samples that were filtered 
through a 0.45μm filter. 
 
Figure 3.  SDS-PAGE of 0.45μm filtered secondary effluent from Northampton 
concentrated using ammonium sulfate (1) and freeze-drying (3), and freeze-dried samples 
of whole secondary effluent from Northampton (2), and 0.2μm filtered secondary effluent 
from Amherst (4).  Lane M= molecular marker.  
While initial efforts at concentration through freeze drying were not successful, some freeze dried 
samples that could be resolved with SDS-PAGE were obtained, but the resolution of the visible 
bands were not as good as the resolution of bands in the ammonium sulfate precipitated sample (see 
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lanes 1 and 3, Figure 3).  Because of this result and the fact that freeze drying was time consuming 
and expensive due to the high cost of the special motor oil needed to run the equipment, the method 
was discontinued and further analysis was performed using ammonium sulfate precipitation. 
 
A few experiments were run to determine how much ammonium sulfate was needed to precipitate 
proteins in the effluent samples.  It was found that ammonium sulfate concentrations of 40-60% 
resulted in more and clearer protein bands on the gels that were stained with silver nitrate, especially 
in the region between 75 and 250 kDa (see Figure 4).  Based on the results shown in Figure 4 and 
others (not shown) the concentration of wastewater effluent samples was continued using 50% 
ammonium sulfate. 
   
Figure 4.  Protein fragment bands on gel run with SDS-PAGE and stained with silver 
nitrate of primary (1) and secondary (2) effluent concentrated with 80% ammonium 
sulfate, secondary effluent ultrafiltered then concentrated with 40% (3) and 80% (4) 
ammonium sulfate.  Lane M= molecular weight marker. 
4.2 Protein Profiles 
When concentrated with 50% ammonium sulfate, protein profiles were obtained for primary, 
secondary and 0.45µm filtered secondary effluent for all three of the wastewater treatment plants 
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using SDS-PAGE.  All profiles had a number of larger proteins in the 150 kDa range, and some 
distinct bands in the range between 50 and 75 kDa.  They also showed small bands at around 25 
kDa.  These protein bands are visible in both primary and secondary effluents, signifying that the 
influent is the source of these proteins and that they persist through biological treatment and settling.  
Yet, the profiles between primary and secondary effluents are consistently different, with some 
proteins only appearing in the secondary effluent but not in the primary effluent (Figure 5).  This 
indicates that they are soluble microbial products produced by microorganisms in secondary 
treatment. 
 
Figure 5. SDS-PAGE of primary (1 and 4), secondary (2 and 5) and secondary 0.45μm 
(3 and 6) effluent from the Northampton wastewater treatment facility on two dates (1-3 
from 2/20/09; 4-6 from 5/19/08).  Up arrows indicate recalcitrant proteins, down arrows 
are SMPs. 
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Many of the visible protein bands seen in the secondary effluent are present in the primary effluent 
as well (Figure 5).  There are enough protein bands in both primary and secondary effluent to 
question the prevailing assumption that most of the proteins in secondary effluent are SMPs and 
have origins in secondary treatment (Barker and Stuckey, 1999; Drewes and Fox, 2000; Drewes et 
al., 2001).  It should be noted that SDS-PAGE is not a method of measuring proteins.  While it is 
true that more concentrated proteins will have darker and thicker bands, SDS-PAGE is unable to 
measure proteins.  It is possible that the quantity of SMP proteins in secondary effluent is indeed 
higher than recalcitrant influent proteins as asserted by other researchers, but that the diversity of 
proteins from both sources is high.  These data are unable to resolve that question, but the darkness 
of the bands suggests that recalcitrant proteins constitute a large percentage of the effluent proteins.  
 
Some proteins are removed through 0.45µm filtration as shown in Figure 6, where a larger protein in 
the 150kDa range is clearly visible in the secondary effluent, but is not present in the filtered sample.  
The cell/particle-free fraction of the effluent still contains a significant number of protein molecules, 
however, as evidenced by the high degree of similarity between the crude effluent and the filtered 
secondary effluent, particularly in the bands smaller than 60-65 kDa (Figure 6).  This implies that 
the application of tertiary filtration steps in a facility may still result in the loss of these materials to 
the receiving water.  If these protein materials are to be removed from the final discharge, different 
types of unit operations need to be considered.  Other researchers have similarly found that 
bioavailable, low molecular weight, forms of DON were lost in secondary effluent (Pehlivanoglu 
and Sedlak, 2004).  The same research group asserts that most treatment plants will not remove low-
molecular weight, hydrophilic compounds, and that these low-molecular weight wastewater 
effluents could act as NDMA precursors during water reuse or reclamation.  They conclude that 
more research needs to be done to find physical or chemical treatment processes to remove 
bioavailable DON or that operating conditions may be able to be altered to decrease the 
concentration (Pehlivanoglu-Mantas and Sedlak, 2008).  Further characterization of the low 
molecular weight proteins that contribute to this low molecular weight DON could provide clues as 
to how to reduce the release of this fraction of material in wastewater effluent. 
 
Another important result seen in the SDS-PAGE gels from different treatment facilities and different 
dates of collection is that the profiles are not the same with each sample.  The Amherst and 
Springfield facilities have different profiles (not shown) from the Northampton ones shown in 
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Figures 3 through 6, and the profiles in these Figures of three separate Northampton sample 
collection dates are all slightly different, as well (see Figures 3-6).  This is a strong indication that 
different processes and variations in plant process operations change the relative abundance of 
specific proteins that can be separated and visualized by SDS-PAGE.   
 
Figure 6. SDS-PAGE of secondary and 0.45μm filtered secondary effluents from the Northampton 
facility.  Arrow indicates protein in secondary effluent (1) that is not in filtered effluent (2). 
 
Proteolytic enzymes 
A zymogram analysis for primary, secondary and 0.45µm filtered secondary effluent from each of 
the three facilities is shown in Figure 7.  Five micrograms of protein, as determined by the Frølund 
(1995) adaptation of the Lowry method, were loaded into each lane.  All effluents contained proteins 
with proteolytic activity against casein.  There are two distinct regions of proteolytic activity seen in 
the gel: the larger molecules at the top of the gel, and two smaller bands towards the base.  These 
bands are very strong in the primary effluent, and remain in the secondary and 0.45μm filtered 
effluents, as well.  
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The other quite striking result from the zymogram analysis is that different enzymes are present in 
secondary effluents from each of the facilities (see Figure 7).  Amherst does not appear to have new 
bands, but the others do.  The presence of at least three protein bands in the secondary effluent from 
Springfield (see arrows, Figure 7) indicate they are soluble microbial products (SMPs) produced 
during biological metabolism in secondary treatment.  Other bands in the secondary effluent from 
the Springfield and Northampton samples may also be SMPs; however, the brightness of the 
primary samples obscures whether or not there are corresponding bands in the primary effluent.  The 
results suggest that the different bacterial communities supported by the different processes produce 
different enzymes, and possibly that the influent quality can affect the enzymes that are produced as 
SMPs.  The Northampton and Amherst facilities both operate with conventional activated sludge 
processes, but Northampton has industrial inputs while Amherst has only trace industrial input; and 
the SRWTF uses the Ludtzac Ettinger (LE) process.  Further analysis and samples from other plants 
using similar processes could clarify which bands are truly SMPs and help determine if there are any 
universal process enzymes.   
Figure 7.  Zymogram of primary (1°) secondary (2°) and filtered secondary effluent (2° 0.45) for the 
Northampton, Springfield and Amherst facilities.  Vertical arrows indicate enzymes found in 
effluent from all 3 facilities; horizontal arrows indicate proteins that are specific to one facility. 
        Northampton                     Springfield                     Amherst      
      1°           2°        2°             1°         2°         2°            1°          2°        2°  
                              0.45                                  0.45                                0.45  
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The detection of proteolytic enzymes from the secondary effluent itself (even from 0.45µm filtered 
sample) is meaningful, but more importantly the data implies that effluent-derived enzymes can 
degrade aquatic organic matter and, therefore, possibly affect nutrient cycling in receiving waters by 
increasing the pool of readily available organic nitrogen.  Although Confer and Logan (1998) found 
most of the hydrolytic activity in suspended growth and biofilm reactors was associated with cells, it 
is clear from the zymogram results of 0.45µm filtered effluents that there is enough cell-free activity 
to warrant a look at the environmental effects of these enzymes on the environment; further, the 
brightness in the secondary effluents of some of the enzymes that are clearly influent enzymes 
shows that active proteolytic influent enzymes are being released. 
4.3 Protein Quantification 
Water quality data, including protein concentrations, COD measurements and total and volatile 
suspended solids for each sample location and date are in Appendix B.  The protein concentrations 
in the primary and secondary effluents, and in the 0.45μm filtered secondary effluent were measured 
using the Lowry method.  The average protein concentrations for all sample types and dates for each 
facility are shown in Figure 8, and ranged from 3.4 to 47.4 mg/L protein.  This amount of protein 
could represent from 0.7 to 10 mg/L of nitrogen, assuming protein contains 20% N by mass.  The 
amount of protein removed by secondary treatment from all sample collection dates ranged from 77 
to 87%.  All three of the facilities removed on average 83% of the protein in primary effluent during 
secondary treatment.  
Initial attempts to measure unconcentrated samples were made using the Frølund adaptation of the 
Lowry method, in which the absorbance of samples incubated with Folin’s phenol reagent without 
the addition of copper sulfate are subtracted from the samples that had copper sulfate in them 
(Frølund, 1995).  This method is supposed to take into account the humics in the samples; however, 
this method was overcompensating for the humics and resulting in negative protein concentrations.  
Although it was beyond the scope of this project, it would be possible to determine the protein 
concentrations in the effluent by measuring the amino acids using the HPLC as discussed in the 
literature review; however, the HPLC method is also subject to inaccuracies in measurements as 
evidenced by unresolved amino acids (Confer et al., 1995; Pehlivanoglu-Mantas and Sedlak, 2008). 
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Figure 8.  Average protein concentrations in primary, secondary and secondary filtered effluents. 
4.4 COD 
The chemical oxygen demand of the primary influent ranged from 150 to 286 mg/L among all of the 
facilities.  The averages ranged from 220 to 243 mg/L and are the same for each facility when the 
standard errors are accounted for.  The wide range in values does not appear to be related to season 
or treatment facility.  The COD values measured for the SRWTF secondary effluent samples 
averaged 31 mg/L, which is about 20 mg/L higher than predicted by a BioWin calibration of the 
facility based on estimated COD influent values (actual corresponding COD measurements do not 
exist) (Westgate et al., in review).       
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Figure 9.  Average chemical oxygen demand for primary, secondary and 
filtered secondary effluents.  
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4.5 Proteins and COD 
There does not appear to be a linear correlation between the concentrations of protein and COD for 
the secondary and filtered secondary effluents when all of the wastewater samples were compared 
(p=0.721) (Figure 10) (see Appendix C).  Other studies have found a strong relationship between 
COD and soluble proteins (Howard et al., 2004; Park, unpublished).  When the proteins and COD in 
the filtered secondary effluent were compared there was, again, no linear relationship (p=0.759), nor 
were there linear relationships between protein and COD in secondary effluents from each of the 
facilities when examined separately (data not shown).  Both of the other studies also used the Lowry 
method to measure the proteins, although Park et al. (2006) used the Frølund adaptation of the 
Lowry method.   
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Figure 10.  Protein verses COD concentration of secondary and filtered 
secondary effluent for all sample dates and facilities. 
4.6 Nitrogen 
The average total nitrogen in the primary, secondary and secondary filtered effluents are shown in 
Figure 11.  The total nitrogen in the primary effluent averaged from 23 to 29 mg/L, with the 
Amherst facility having the highest concentration.  The influent for the Amherst facility is primarily 
domestic wastewater with only trace industrial input, and may have less dilution than the other 
plants.  The Springfield facility has the lowest average effluent total nitrogen concentration, at 6.1 
mg/L, compared to 12.5 mg/L in Northampton and 10.8 mg/L in Amherst.  This is consistent with 
data from the plant and is partially explained by the LE process that the plant uses.  It is also likely 
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that the denitrification is occurring in the secondary clarifiers or in the interior of floc particles in the 
aeration basin, in which the DO is maintained at about 1 mg/L (Westgate et al., in review).  The 
average relative concentration of each of the nitrogen species, ammonium, nitrate, nitrite, and 
organic nitrogen, are shown in Figure 12 (see Appendix D for table of values).  As expected, the 
amount of ammonium decreases and the nitrate increases in the secondary effluents of all of the 
facilities.  The organic nitrogen (organic-N) was calculated for each sample by subtracting the 
nitrate, nitrite and ammonium samples from the total nitrogen.  The average ammonium 
concentration measurement for the secondary effluent in the Northampton facility was very high 
compared to the total nitrogen and resulted in a low organic-N calculated value.  Nitrate 
measurements for the Amherst facility were high compared to the other facilities.  The organic-N in 
the primary effluent was over 35% at each of the facilities (39% Northampton, 38% Springfield, 
36% Amherst) and was lower in the secondary effluent.  The percent of the total nitrogen that was 
organic-N in the secondary effluent was much higher in the Springfield (29%) effluent as compared 
to either Northampton (5%) or Amherst (10%).  This can be explained by the relatively good 
removal of inorganic species of nitrogen at the Springfield facility. 
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Figure 11.  Total nitrogen in effluent from Springfield, Northampton and 
Amherst treatment facilities. 
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Figure 12. Nitrogen species in primary and secondary effluents from Springield (SF), Northampton 
(NH) and Amherst (A) facilities. 
4.7 Proteins and Nitrogen 
There was a positive linear correlation between proteins and total nitrogen among all samples 
(p=0.000), with 76.1% of variation in the total nitrogen explained by a linear relationship with 
protein (R2=0.761, see Appendix C).  When the two winter dates from Northampton were removed 
the correlation increased (R2=0.9196) (Figure 13).  This correlation included a March sample from 
Amherst.  It is not clear at this time what factors into the lack of correlation for Northampton during 
the winter months, whether it is the temperature affects, the nature of the influent, which includes 
industrial contributions, or both.  Since half of these points actually lie close to the ones that 
correlate, it is possible that the outliers are due to operator error in some of the measurements.  More 
tests from this facility during the fall and winter months would address this question.  
 
There is also a significant linear correlation between protein concentrations in primary and 
secondary effluent compared to the organic nitrogen concentration (p=0.000 and R2=0.892) (Figure 
14).  Other researchers have pointed out that because the organic nitrogen is determined by 
subtracting inorganic forms from the total, when the nitrate or nitrite levels are high and constitute a 
large part of the total nitrogen, there can be large errors in the organic-N determination 
(Pehlivanoglu-Mantas and Sedlak, 2008).  Despite possible errors in calculations and measurements, 
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the correlation between the proteins and the organic nitrogen values is strong, and suggests that 
protein concentrations, at least as measured with the Lowry method, may provide a better indicator 
for the presence of organic-N in effluent.   
 
As wastewater treatment facilities increase nitrogen removal through advanced removal techniques, 
the fraction of organic-N as part of the total nitrogen will become greater, as seen in the data from 
Springfield, where almost 1/3 of the nitrogen in the secondary effluent is organic-N.  Thus, as 
regulations require higher nitrogen removal from effluents the organic fraction of the total nitrogen 
is becoming increasingly important to characterize and understand.    
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Figure 13.  Protein concentration verses total nitrogen concentration.  
Correlation shown omits winter dates (squares).    
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Figure 14.  Protein concentration verses organic nitrogen concentration. 
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V. CONCLUSIONS 
 
The use of proteomics in the characterization of proteins in wastewater effluents is a powerful and 
novel application of this technology.  Protein profiles for three different wastewater treatment plants 
were obtained using SDS-PAGE.  Results indicate that many of the proteins seen on the gels are the 
same in primary and secondary effluents.  Recalcitrant influent proteins and SMPs that were 
produced during biological treatment were both found in the profiles.  The high degree of similarity 
between the secondary effluent and 0.45µm filter fractionated sample indicate that many of the 
proteins are dissolved and increased removal of proteins may not be obtainable through filtration.  It 
should be noted that the filtration in these experiments is not comparable to that which would be 
utilized in a reactor.  It would be expected, for example, that removal of proteins and organic 
nitrogen by a biological community, such as would be found in a membrane bioreactor, would be 
greater than shown here.     
 
Active proteolytic enzymes were found in all samples.  The primary effluents were similar among 
the three facilities; however, the secondary effluent from Springfield, which operates using the LE 
process, produces different enzymes than the conventional activated sludge facilities in this study.  
This suggests that different treatment processes may have different affects on the receiving water 
environment.  The effects of releasing active proteolytic enzymes into the environment are 
unknown, but may play an important role in the bioavailability of organic nitrogen, including 
proteinaceous forms. 
 
The fraction of organic-N as part of the total nitrogen was greatest in the secondary effluent from the 
Springfield facility, which has an advanced nitrogen removal process.  As regulations require higher 
nitrogen removal from effluents the organic fraction of the total nitrogen will become increasingly 
important to characterize and understand.    
 
Protein concentrations were strongly correlated with total and organic-N concentrations.  The total N 
correlation was stronger when the winter months from the Northampton facility were removed from 
the analysis.  Protein concentrations were not linearly correlated with COD concentrations, in contrast 
to other studies.  All of these relationships would become clearer with the addition of more data sets 
from each of the treatment facilities during different seasons.  
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Amherst NPDES Permit, 2006 
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Northampton Wastewater Treatment Plant NPDES permit, 2008 
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Springfield Regional Wastewater Treatment Facility NPDES permit, 2009 
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Appendix B. Solids, Protein and COD measurements 
Sample 
Date Plant Type TSS VSS 
Volume 
Precipitated Protein 
Protein   
no humic 
subtraction COD NOTES 
      mg/L mg/L L mg/L mg/L mg/L   
9/22/2008 Northampton primary 33.3 37.3       -  
  secondary 1.2 0.9       -  
  
secondary 
0.45           -  
 ASP primary     0.1 232.2 (50% ASP)    
 ASP secondary     0.5 26.3     
  ASP 
secondary 
0.45     1.4 3.7       
1/12/2009 Northampton primary 42.5 36.3   51.6 47.1 348  
  secondary 8.6 7.1   4.0 10.7 50  
  
secondary 
0.45       -0.3 5.7 46  
laboratory ASP primary     0.15 395.3 534.2    
grade ASP secondary     1.2 223.8 340.1    
AS ASP 
secondary 
0.45     1.2 65.5 65.5    
 FD secondary       19.4 50.5    
  FD 
secondary 
0.45       4.1 29.3    
2/20/2009 Northampton primary 37.7 33.7   38.7 38.7 219  
  secondary - -   -4.2 5.6 483  
  
secondary 
0.45       -4.9 3.9 358  
laboratory ASP primary     0.15 435.3 811.7   Algae in sample 
grade ASP secondary     1.2 135.7 280.0   
settled effluent 
used 
AS ASP 
secondary 
0.45     2.2 76.7 234.9    
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Sample 
Date Plant Type TSS VSS 
Volume 
Precipitated Protein 
Protein   
no humic 
subtraction COD NOTES 
      mg/L mg/L L mg/L mg/L mg/L   
3/17/2009 Amherst primary 37.3 31.2   16.0 32.2 136.2  
  secondary 3.8 2.8   5.9 4.1 8.8 
COD test not 
good? 
  
secondary 
0.45       4.0 2.6 9.6  
laboratory ASP primary     0.2 402.3 402.3    
grade ASP secondary     1.2 200.7 200.7    
AS ASP 
secondary 
0.45     2.2 186.6 186.6    
4/1/2009 Northampton primary 76.2 65.0   56.1 50.7 148  
  secondary 4.1 3.4   2.2 8.8 34  
  
secondary 
0.45       0.6 6.3 31  
laboratory ASP primary     0.15 468.7 687.2    
grade ASP secondary     1.2 255.9 328.8    
AS ASP 
secondary 
0.45     2.2 93.6 217.7    
6/1/2009 Springfield primary 54.4 46.9   47.6 41.1 187  
  secondary 5.7 4.8   4.1 7.4 30  
  
secondary 
0.45       1.4 4.1 20  
laboratory ASP primary     0.15 427.4 651.0    
grade ASP secondary     1.2 245.5 376.2    
AS ASP 
secondary 
0.45     2.2 165.2 319.7    
6/9/2009 Amherst primary 63.6 56.4   67.8 59.8 242  
  secondary 1.4 1.3   10.7 11.8 14  
  
secondary 
0.45       9.3 10.7 15  
laboratory ASP primary     0.15      
grade ASP secondary     0.9      
AS ASP 
secondary 
0.45     0.9        
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Sample 
Date Plant Type TSS VSS 
Volume 
Precipitated Protein 
Protein   
no humic 
subtraction COD NOTES 
      mg/L mg/L L mg/L mg/L mg/L   
6/16/2009 Amherst primary 73.4 50.9   56.5 50.3 198  
  secondary 1.3 1.2   6.6 8.4 33  
  
secondary 
0.45       5.6 7.6 29  
ACS ASP primary     0.15 461.6 1156.7    
certified ASP secondary     1.2 52.2 141.0    
AS ASP 
secondary 
0.45     2.2 9.6 28.0    
6/22/2009 Springfield primary 53.5 45.5   31.4 29.7 286  
  secondary 9.15 7.35   -1.3 5.5 25  
  
secondary 
0.45       -2.9 2.3 18  
ACS ASP primary     0.15 340.3 570.4    
certified ASP secondary     1.2 115.8 197.3    
AS ASP 
secondary 
0.45     2.2 25.2 37.1    
6/29/2009 Northampton primary 58.2 51.0   45.2 44.1 280  
  secondary 3.3 2.7   -4.4 6.5 31  
  
secondary 
0.45       -4.0 4.7 33  
ACS ASP primary     0.15 408.2 961.9    
certified ASP secondary     1.2 101.6 152.7    
AS ASP 
secondary 
0.45     2.2 28.8 55.1    
7/6/2009 Springfield primary 50.9 40.8    36.9 257  
  secondary 2.4 1.9    5 38  
  
secondary 
0.45        3.9 32  
ACS ASP primary     0.15      
certified ASP secondary     1.2      
AS ASP 
secondary 
0.45     2.2        
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Appendix C. Regression Statistics 
 
 
Regression Analysis- COD vs. Protein, secondary and filtered effluent 
 
 
The regression equation is 
COD = 29.4 - 0.43 Protein 
 
Predictor        Coef       StDev          T        P 
Constant       29.428       8.577       3.43    0.004 
Protein        -0.434       1.189      -0.36    0.721 
 
S = 12.93       R-Sq = 0.9%      R-Sq(adj) = 0.0% 
 
Analysis of Variance 
 
Source            DF          SS          MS         F        P 
Regression         1        22.2        22.2      0.13    0.721 
Residual Error    14      2342.2       167.3 
Total             15      2364.5 
 
Unusual Observations 
Obs    Protein        COD         Fit   StDev Fit    Residual    St Resid 
  1       10.7      50.00       24.79        5.77       25.21        2.18R  
  2        8.8       0.00       25.61        4.10      -25.61       -2.09R  
 
R denotes an observation with a large standardized residual 
 
 
Regression Analysis -- Springfield Secondary whole and filtered COD vs. Protein 
 
 
 
The regression equation is 
SCOD = 17.3 + 2.11 Sprotein 
 
Predictor        Coef       StDev          T        P 
Constant       17.325       9.775       1.77    0.151 
Sprotein        2.112       1.973       1.07    0.345 
 
S = 7.584       R-Sq = 22.3%     R-Sq(adj) = 2.8% 
 
Analysis of Variance 
 
Source            DF          SS          MS         F        P 
Regression         1       65.90       65.90      1.15    0.345 
Residual Error     4      230.07       57.52 
Total              5      295.97 
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Regression Analysis – Protein vs. TN for all samples 
 
The regression equation is 
TN = 7.40 + 0.407 Protein for TN 
 
Predictor        Coef       StDev          T        P 
Constant        7.404       1.120       6.61    0.000 
Protein       0.40669     0.04312       9.43    0.000 
 
S = 4.296       R-Sq = 76.1%     R-Sq(adj) = 75.2% 
 
Analysis of Variance 
 
Source            DF          SS          MS         F        P 
Regression         1      1641.3      1641.3     88.94    0.000 
Residual Error    28       516.7        18.5 
Total             29      2158.0 
 
Unusual Observations 
Obs    Protein         TN         Fit   StDev Fit    Residual    St Resid 
  3        3.9     17.600       8.990       1.007       8.610        2.06R  
 13       59.8     33.260      31.724       1.944       1.536        0.40 X 
 28       47.1     13.900      26.559       1.460     -12.659       -3.13R  
 
R denotes an observation with a large standardized residual 
X denotes an observation whose X value gives it large influence. 
 
 
 
Regression Analysis – Protein vs. Organic N for all samples 
 
 
The regression equation is 
Organic N = - 0.238 + 0.231 Protein 
 
Predictor        Coef       StDev          T        P 
Constant      -0.2384      0.4151      -0.57    0.571 
Protein       0.23137     0.01614      14.34    0.000 
 
S = 1.521       R-Sq = 89.2%     R-Sq(adj) = 88.7% 
 
Analysis of Variance 
 
Source            DF          SS          MS         F        P 
Regression         1      475.33      475.33    205.59    0.000 
Residual Error    25       57.80        2.31 
Total             26      533.13 
 
Unusual Observations 
Obs    Protein    Organic         Fit   StDev Fit    Residual    St Resid 
 13       59.8     11.350      13.598       0.732      -2.248       -1.69 X 
 25       29.7     11.320       6.633       0.346       4.687        3.17R  
 
R denotes an observation with a large standardized residual 
X denotes an observation whose X value gives it large influence. 
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Appendix D. Nitrogen Species Measurements 
  TN Nitrate 
 
Nitrite 
 
Ammonium Organic N Protein 
Sample Date 
mg/L 
 as N 
mg/L  
as NO3 
mg/L 
 as N 
mg/L 
 as NO2 
mg/L  
as N 
mg/L  
as NH4 
mg/L as 
N mg/L as N mg/L 
Northampton 1 2/20/2009 22.8 0 0 0.278 0.085 19.65 15.28 7.431 38.7 
Northampton 2 2/20/2009 17.7 0 0 0.309 0.094 22.64 17.61 0 5.6 
Northampton 2 filtered 2/20/2009 17.6 0 0 0.309 0.094 22.64 17.61 0 3.9 
Amherst 1 3/17/2009 20.3 3.488 0.788 0.509 0.155 16.86 13.11 6.248 32.2 
Amherst 2 3/17/2009 10.1 42.897 9.686 0.291 0.089 0.5 0.39 0 4.1 
Amherst 2 filtered 3/17/2009 9.7 42.897 9.686 0.291 0.089 0.5 0.39 0 2.6 
Northampton 1 4/1/2009 25.5 0 0 0.349 0.106 15.93 12.39 13.002 50.7 
Northampton 2 4/1/2009 10.7 0 0 0 0 13.43 10.45 0.251 8.8 
Northampton 2 filtered 4/1/2009 10.8 0 0 0 0 13.43 10.45 0.351 6.3 
Springfield 1 6/1/2009 23.64 0 0 4.831 1.470 19.99 15.55 6.622 41.1 
Springfield 2 6/1/2009 6.28 11.021 2.489 0.329 0.100 3.26 2.54 1.152 7.4 
Springfield 2 filtered 6/1/2009 6.71 11.021 2.489 0.329 0.100 3.26 2.54 1.582 4.1 
Amherst 1 6/9/2009 33.26 0 0 0.484 0.147 29.97 21.76 11.355 59.8 
Amherst 2 6/9/2009 12.97 28.578 6.453 0.96 0.292 5.77 4.49 1.733 11.8 
Amherst 2 filtered 6/9/2009 12.81 28.578 6.453 0.96 0.292 5.77 4.49 1.573 10.7 
Amherst 1 6/15/2009 33.13 0 0 0.387 0.118 25.07 19.50 13.510 50.3 
Amherst 2 6/15/2009 9.38 21.269 4.803 0.902 0.275 3.75 2.91 1.389 8.4 
Amherst 2 filtered 6/15/2009 9.26 21.269 4.803 0.902 0.275 3.75 2.91 1.269 7.6 
Springfield 1 6/22/2009 23.29 0 0 4.905 1.493 13.47 10.48 11.318 29.70 
Springfield 2 6/22/2009 3.3 5.218 1.178 0.372 0.113 0 0.00 2.009 5.50 
Springfield 2 filtered 6/22/2009 2.72 5.218 1.178 0.372 0.113 0 0.00 1.429 2.30 
Northampton 1 6/29/2009 32.57 0 0 0.271 0.082 27.58 21.45 11.033 44.1 
Northampton 2 6/29/2009 16.49 0 0 0.284 0.086 19.18 14.92 1.483 6.5 
Northampton 2 filtered 6/29/2009 15.72 0 0 0.284 0.086 19.18 14.92 0.713 4.7 
Springfield 1 7/6/2009 21.24 0 0 2.997 0.912 15.96 12.41 7.916 36.9 
Springfield 2 7/6/2009 8.68 4.768 1.077 0.647 0.197 6.78 5.27 2.136 5 
Springfield 2 filtered 7/6/2009 8.61 4.768 1.077 0.647 0.197 6.78 5.27 2.066 3.9 
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Appendix E. WEFTEC 2009 Proceedings Introduction 
Regulations of nitrogen (N) levels in treated effluents are becoming more stringent to reduce N loading 
to receiving waters and ameliorate eutrophication problems in marine environments, where N is a 
limiting nutrient.  Eutrophication and subsequent fish kills during summer months have been attributed 
to nitrogen loading, largely from domestic wastewater treatment plants.  In response, regulators are 
decreasing the levels of nitrogen that can be released into water bodies that flow into marine 
environments.  To address eutrophication in Long Island Sound, a cap and trade program for N releases 
from treatment plants in the State of Connecticut has been instituted, and new NPDES permits for 
plants that discharge to the Connecticut River in Massachusetts now require reporting of N levels in 
plant effluents.  Plant operators are concerned that increased N removal will eventually be required. 
 
While wastewater treatment plants can be upgraded for enhanced nitrogen removal, there is a limit to 
how much nitrogen can be removed.  The nitrification/ denitrification process removes mostly 
inorganic N, with effluent dissolved organic nitrogen (DON) remaining little changed, presumably due 
to its recalcitrant nature in the biological wastewater treatment processes.  Unfortunately for plant 
operators, while DON has long been held to be refractory in marine environments as well, recent 
research has shown that a significant portion of the DON is utilizable by primary producers (Bronk et 
al., 2007).  Proteins are one of the major components of DON in wastewater effluent (Pehlivanoglu-
Mantas and Sedlak, 2008).   
 
Aside from being an important component of DON, proteins constitute a large fraction of total organic 
carbon (TOC) and organic matter.  In one study, proteins comprised 26-49% of the total organic carbon 
in the liquid phase of settled MLSS from a membrane bioreactor and a full-scale activated sludge plant 
(Holbrook et al., 2004).  Many studies have found evidence of proteins when characterizing the organic 
matter in wastewater effluent (Choi, et al., 2006; Drewes and Croue, 2002; Imai et al, 2002; Holbrook 
et al., 2005; MA et al., 2001; Park et al., 2006).  Drewes and Croue (2002) found evidence of increased 
aromaticity in wastewater effluent, as well as higher nitrogen to carbon ratios in wastewater effluent 
organic matter compared to natural organic matter from a drinking water source, indicative of proteins.  
When subjected to fluorescence excitation-emission matrix spectroscopy, samples downstream of an 
advanced wastewater reclamation facility in Maryland exhibited an increased signature fluorescence 
indicative of protein-like material, suggesting an increase in proteins in the surface water due to 
treatment plant discharges (Holbrook et al., 2005).   
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The source of proteins in wastewater effluent is often thought to be soluble microbial products (SMPs) 
produced during the activated sludge process; however, it is also likely that some of the proteins are 
influent proteins that have resisted degradation in secondary treatment.  While the previous studies 
could identify wastewater treatment plants as the likely source of the proteins in the receiving water, the 
data could not be used to distinguish the source of the proteins within the wastewater treatment process. 
 
Previous work characterizing effluent proteins has not been extensive (see review in Pehlivanoglu-
Mantas and Sedlak, 2006).  This can be attributed to the complex nature of protein structures, the 
number of source organisms, and the technical difficulties associated with characterizing proteins from 
effluents.  Direct characterization of proteins has thus been limited to their quantification in wastewater 
effluents, which has been done by colorimetry (e.g. the Lowry method) or using a combination of 
hydrolysis and high pressure liquid chromatography (HPLC) (Confer et al., 1995).  The HPLC method 
measures dissolved total amino acids (DTAA) and dissolved free amino acids (DFAA).  The protein 
concentration, as dissolved combined amino acids, is determined by subtracting the DFAA from the 
DTAA, and was shown to account for over 65% of the DTAA in wastewater effluent in a study of two 
domestic wastewater treatment plants (Confer et al., 1995).  While these methods are able to quantify 
the amino acids and proteins, it does not provide further information about them, such as their source 
and possible proteolytic activity.   
 
Several studies have examined the activity of specific enzymes, such as aminopeptidase, β-
galactosidase, and phosphatase, in receiving waters downstream of wastewater treatment plant 
discharges (Ainsworth and Goulder, 2000; Chappell and Goulder, 1994).  The difficulty of this 
approach to understanding the effects of wastewater treatment plant effluents on receiving waters is that 
other sources can contribute to enhancements in enzymatic activity.  For example, it was found that 
increases in aminopeptidase activity in river plankton were not simply due to wastewater treatment 
plant discharges alone, but to non-point inputs into the system, as well (Ainesworth and Goulder, 
2000).  Also, while likely to be present in wastewater effluent, none of these enzymes have specifically 
been identified in the effluent itself.  
  
Human-derived proteins, including the protease, elastase IIIA, and keratin, have been found in the 
extracellular matrix of activated sludge flocs that have undergone secondary treatment and anaerobic 
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digestion (Park et. al, 2008b).  The presence of these sewage-derived polypeptides in settled sludge is 
an indication that these proteins are resistant to degradation in secondary aerobic treatment, and may be 
present in the dissolved phase of secondary effluent.  The full effects of releasing active enzymes such 
as elastase into the environment are unknown, but it is likely that they contribute to increasing the 
bioavailability of released organic matter (Ainesworth and Goulder, 2000).  As discussed above, one 
major concern about the release of proteins and active enzymes into receiving waters that discharge to 
marine environments is the bioavailability of nitrogen in the proteins.   
  
Proteomics technology has recently been successfully applied to the characterization of proteins in 
sludge and offers the possibility of powerful new techniques for characterizing the proteins in 
secondary effluent (Park et al., 2008a).  With proteomics, protein fragments can be tracked through the 
wastewater treatment process train, thus identifying whether proteins in the effluent are from influent or 
produced during secondary treatment.  Zymograms can be used to show whether or not there are active 
enzymes in the effluent.  Proteomics can also enable proteins to be used as biomarkers in biological 
assays and in wastewater treatment plant process evaluations, and can be used to monitor the fate of 
proteins in receiving water environments.  Eventually, specific proteins of interest can be targeted for 
further analysis using liquid chromatography mass spectrometry analysis.   
  
In this study we used proteomics to perform an initial characterization of the proteins in domestic 
wastewater effluent from three wastewater treatment plants that discharge to the Connecticut River.  
Protein fragment patterns for primary and secondary effluents, and 0.45µm filtered secondary effluent 
were obtained for each of the plants using sodium dodecyl-sulfate gel electrophoresis.  The analysis of 
primary and secondary effluents allowed us to determine the source of the protein fragments, and the 
results will enable us study their fate in receiving waters and to target specific proteins for LC/MS 
identification in future studies.  Zymogram gels were also run on the samples to determine if active 
enzymes were being released in secondary effluent.     
 
